Introduction
============

Sister chromatid exchange (SCE) occurs spontaneously within cells at a frequency that varies between cell types.^[@bib1],\ [@bib2],\ [@bib3]^ These spontaneous SCEs are considered a product of normal DNA replication or endogenous DNA damage. In addition, SCEs are induced by a variety of DNA-damaging agents such as mitomycin C (MMC)^[@bib4]^ or ionising radiation;^[@bib5]^ thus, alterations in DNA repair pathways have been associated with changes in SCE.

The main pathway associated with SCE is homologous recombination (HR); however, depleting cells of HR proteins results in conflicting data. All HR-defective DT40 chicken cells show reduced spontaneous and MMC-induced SCEs;^[@bib6]^ however, neither *Rad51D* mutant CHO nor mouse fibroblast cell lines show reduced spontaneous SCEs relative to their wild-type equivalents.^[@bib7]^ In addition, spontaneous SCE is not affected in *Rad54* knockout mice but the frequency of MMC-induced SCE is decreased,^[@bib8]^ whereas CHO cells deficient in *Rad51C* show decreased spontaneous and induced SCEs.^[@bib9]^ Add to this the fact that human heterozygous carriers of the *BRCA2* germline mutation exhibit increased spontaneous SCEs,^[@bib10]^ whereas *Brca2* knockout mouse embryonic stem cells exhibit reduced spontaneous and MMC-induced SCEs,^[@bib11]^ and it becomes obvious that the link between HR and SCE is complex, perhaps with different proteins controlling spontaneous and induced SCEs and interspecies differences.

Another repair pathway associated with alterations in SCE and linked to HR is the Fanconi anaemia (FA) pathway. In FA patients a defect in any of the FA complementation group proteins results in shared clinical and cellular phenotypes, promoting the idea of a common biochemical pathway. One of the characteristics of all FA cells is hypersensitivity to DNA crosslinking agents such as MMC.^[@bib12]^ The FA pathway is therefore associated with repair of DNA interstrand crosslinks (ICLs) and FA cells exhibit reduced MMC-induced SCE.^[@bib13]^ The association between FA and spontaneous SCE is less clear. However, support for FANCD2 in responding to endogenous damage does exist. During S phase, FANCD2 is monoubiquitinated and spontaneously forms foci in S-phase cells.^[@bib14]^ These foci colocalise with BRCA1 and RAD51, suggesting that FANCD2 may be involved in HR in response to endogenous DNA damage that disrupts replication. A known end point of such recombination is SCE;^[@bib15]^ thus, it is possible that FANCD2 is also involved in controlling spontaneous SCE formation.

We recently reported that spontaneous SCE in primary cultures of uveal melanoma (UM) and UM-derived cell lines is decreased below normal baseline levels, a phenomenon unique to UM when compared with multiple other cancers.^[@bib16]^ Here we demonstrate that complementation of UM cells with FANCD2 increases SCE. In addition, deficiency in FANCD2 also reduced spontaneous SCE in other human cell lines including the FA patient-derived cell line PD20. In both cases, spontaneous RAD51 foci formation was reduced, linking FANCD2 in these instances to the promotion of HR. These data provide insight into the molecular basis of UM, the function of FANCD2 during endogenous replication stress and the mechanism of spontaneous SCE formation.

Results
=======

UM cell lines and short-term primary UM cultures exhibit low levels of FANCD2 protein
-------------------------------------------------------------------------------------

The expression of a panel of proteins involved in DNA repair was determined by western blotting of two established long-term UM cell lines (SOM157d and SOM196b), the cutaneous melanoma cell line WM793 and two other control cell lines routinely used in the lab (HCT116 and MRC5VA). Of the proteins tested ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}), only FANCD2 expression was reduced in UM compared with all controls ([Figure 1a](#fig1){ref-type="fig"}). Consistent with this finding, FANCD2 expression was low in 11 primary UM short-term cultures (STCs) ([Figure 1b](#fig1){ref-type="fig"}), and only one primary culture tested showed higher levels (data not shown). In contrast, FANCD2 levels in primary cells from other cancer and normal tissues were not reduced ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}), demonstrating that low FANCD2 is not a general finding of primary material. FANCD2 expression is regulated through the cell cycle,^[@bib14]^ being monoubiquitinated during the S phase. No differences in proliferation rate or cell cycle progression were found in established UM cell lines SOM196b and SOM157d compared with WM793 or MRC5VA, excluding cell cycle differences or proliferation rates as the direct cause of reduced FANCD2 expression ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). In untreated UM cell lines (SOM157d and SOM196b), both FANCD2S and the monoubiquitinated form FANCD2L were seen, although at lower levels, than control WM793 cells ([Figure 1a](#fig1){ref-type="fig"}---more clearly seen in overexposed panel, right). In addition, in SOM196b and SOM157d, the upper FANCD2L band increased in intensity upon treatment with 10 Gy ionising radiation, indicating increased monoubiquitination in response to DNA damage ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Thus, although FANCD2 expression is reduced in UM, the remaining protein can be monoubiquitinated. In normal replicating cells, monoubiquitination of FANCD2 facilitates the formation of spontaneous FANCD2 foci during S phase of the cell cycle. UM did exhibit spontaneous FANCD2 foci ([Figure 1c](#fig1){ref-type="fig"}) but, consistent with lower expression, the number of cells with \>10 foci was reduced ∼2.5-fold in each of the UM cell lines compared with WM793 and MRC5VA controls (Student\'s *t*-test *P*\<0.01, for WM793 compared with either SOM157d or SOM196b).

Promoter methylation changes allow E2F-1 binding in UM
------------------------------------------------------

The expression of FANCD2 mRNA was determined by quantitative reverse transcriptase PCR (qRT--PCR) ([Figure 2a](#fig2){ref-type="fig"}). FANCD2 mRNA was reduced approximately two-fold in UM cell lines SOM157d and SOM196b compared with the cutaneous melanoma cell line WM793, and MRC5VA and HCT116 controls (Student\'s *t*-test *P*\<0.001, for both cell lines compared with each of the controls), suggesting that in UM downregulation of FANCD2 is at the transcriptional level. Control of gene expression in cancer is often altered by changes in promoter methylation. The promoter region 1000 bp upstream of FANCD2 was subject to bisulphite sequencing. Within this region only two changes were detected; in UM cell lines SOM196b and SOM157d cytosine (C) residues 688 and 698 bp upstream of FANCD2 were unmethylated, whereas in each of the control cell lines (WM793, MRC5VA, HCT116, MCF-7, HeLa and U2OS) they were methylated. Consistent with this finding, these residues were unmethylated in all primary UM short-term cultures tested (data not shown). The differentially methylated Cs are close to C~698~ and within C~688~, a putative E2F-1 binding site ([Figure 2b](#fig2){ref-type="fig"}). Chromatin immunoprecipitation (ChIP) analysis of E2F-1 binding to the site revealed approximately threefold greater E2F-1 binding in the UM cell line SOM196b than in control MRC5VA cells ([Figure 2c](#fig2){ref-type="fig"}; Student\'s *t*-test *P*\<0.01). Together, these data suggest that in UM demethylation of these specific C residues allows E2F-1 to bind to the FANCD2 promoter. Although E2F-1 is usually associated with gene transactivation,^[@bib17]^ it has also been reported as a gene repressor;^[@bib18],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23]^ thus, it is possible that increased binding of E2F-1 via altered promoter methylation may explain reduced FANCD2 expression in UM ([Figure 2d](#fig2){ref-type="fig"}).

Complementing with FANCD2 restored SCE levels in UM
---------------------------------------------------

The UM cell line SOM196b was stably transfected with FANCD2 using a retroviral vector containing the FANCD2 gene (196b-D2) or the empty vector control (196b-pMMP). Expression of FANCD2 protein and spontaneous FANCD2 foci formation was increased ([Figure 3a--c](#fig3){ref-type="fig"}). Neither expression nor foci formation was significantly altered by the retroviral transfection with the empty vector.

Previously, we reported that both primary and established UM cell lines have reduced SCE compared with a panel of normal and cancer cell types,^[@bib16]^ suggesting that endogenous DNA damage is handled differently in UM. Here SCE ([Figure 3d](#fig3){ref-type="fig"}) increased when SOM196b was complemented with FANCD2 (Student\'s *t*-test *P*\<0.001 and *P*\<0.01 for 196bD2 compared with SOM196b and 196b-pMMP, respectively). SCEs in FANCD2-complemented SOM196b were not significantly different to the level seen in cutaneous melanoma and other control cells (data not shown).^[@bib16]^ This suggests that FANCD2 expression is influencing previously reported SCE formation in UM.

Spontaneous RAD51 foci formation is reduced in UM, and this is reversed by ectopic expression of FANCD2
-------------------------------------------------------------------------------------------------------

SCE is an end product of HR especially during the repair of collapsed replication forks that can form spontaneously during replication in cells.^[@bib15]^ Similarly, FANCD2 is monoubiquitinated and colocalises with RAD51 during S phase,^[@bib14]^ suggesting that FANCD2 may facilitate HR in the repair of endogenous damage. Complementing the UM cell line SOM196b with FANCD2 significantly increased the percentage of cells containing \>10 RAD51 foci/cell ([Figure 4a and b](#fig4){ref-type="fig"}; Student\'s *t*-test *P*\<0.05 for 196b-D2 compared with either SOM196b or 196b-pMMP), whereas the addition of the empty vector control did not significantly increase RAD51 foci formation ([Figure 4a and b](#fig4){ref-type="fig"}, Student\'s *t*-test *P*=0.27 for 196b-pMMP compared with SOM196b). As RAD51 foci are formed at the onset of HR and a known end product of HR is SCE, RAD51 foci are likely indicative of reduced levels of endogenous HR. These data suggest that the function of FANCD2 in influencing endogenous SCE in UM is to promote RAD51 accumulation at sites of endogenous damage and thus stimulate HR-mediated repair. The levels of RAD51 foci were also reduced in both the primary UM short-term cultures tested (SOM569 and SOM571) compared with control cells (WM793, MRC5VA and U2OS), and a primary short-term conjunctive melanoma (Mel658) ([Figure 4c](#fig4){ref-type="fig"}; Students *t*-test *P*\<0.01 for WM793 compared with either SOM157d or SOM196b and Mel658 compared with either SOM569 or SOM571), demonstrating that this function is preserved in primary tumour material.

Spontaneous levels of SCE and RAD51 foci are reduced in FANCD2-deficient FA patient cells
-----------------------------------------------------------------------------------------

FANCD2 deficiency is classically studied in the genetic disorder FA. In the FA patient-derived cell line PD20 (deficient in FANCD2),^[@bib24]^ there was a lower percentage of cells containing \>10 RAD51 foci/cell ([Figure 5a](#fig5){ref-type="fig"}; Student\'s *t*-test *P*\<0.01) and lower rates of spontaneous SCE ([Figure 5b](#fig5){ref-type="fig"}; Student\'s *t*-test *P*\<0.01) than in the FANCD2-complemented PD20-D2 cell line. These data suggest that FANCD2 is also involved in controlling spontaneous HR and SCE in FA patients during the normal S phase.

Interestingly, when PD20 cells, which complemented with the monoubiquitination mutant K561R,^[@bib25]^ were compared with the data above, they displayed intermediate levels of RAD51 foci formation, and individual cells had unexpectedly varied SCE rates (range 6--53 SCE/cell) when compared with PD20 (range 6--32) and PD20-D2 (range 11--41). The average SCE/cell in PD20-K561R was 27.2 (corrected for ploidy), similar to the average of 24.62 seen in PD20-D2. The K561 mutant however (unlike PD20 and PD20-D2) displayed high levels of spontaneous hyperploidy and aberrant chromosomes, including rings and interchanges ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). Thus, although FANCD2 is required to promote RAD51 to sites of endogenous damage and promotes normal S-phase-associated SCE, if FANCD2 which cannot be monoubiquitinated is present, then high levels of spontaneous genomic instability exist. Thus, there may be an additional specific function for monoubiquitinated FANCD2 at endogenous DNA lesions, and additional factors that affect SCE formation, although perhaps a note of caution should be taken in interpreting data from cells with such high levels of genetic instability.

Spontaneous levels of SCE and RAD51 foci are reduced in MRC5VA cells depleted of FANCD2
---------------------------------------------------------------------------------------

MRC5VA cells were depleted of FANCD2 using small interfering RNA (siRNA; [Figure 5c](#fig5){ref-type="fig"}). Depletion was not complete, but RAD51 and SCE were still reduced ([Figures 5d and e](#fig5){ref-type="fig"}; Student\'s *t*-test *P*\<0.01 in both cases), again suggesting that FANCD2 can indeed regulate endogenous SCE in cells.

UM- and FANCD2-deficient FA patient cells are sensitive to acetaldehyde
-----------------------------------------------------------------------

The FA pathway is usually associated with the repair of DNA ICL damage. Studying ICL repair in UM is complicated by the fact they are deficient in cytP450 and thus resistant to MMC.^[@bib26]^ However, here sensitivity to the FA activating DNA crosslinking/damaging agent acetaldehyde^[@bib27],\ [@bib28],\ [@bib29]^ was tested. Both UM and PD20 cell lines were sensitive to acetaldehyde compared with FANCD2-complemented counterparts ([Figure 6a](#fig6){ref-type="fig"}---Student\'s *t*-test *P*\<0.05 in both cases). PD20-K561R cells were also sensitive to acetaldehyde (Student\'s *t*-test *P*\<0.01) as compared with wild-type FANCD2-complemented cells. Consistent with this acetaldehyde-induced RAD51 foci formation was reduced in PD20-deficient UM and FA cells, as well as in FANCD2-K561R-complemented cells ([Figure 6b](#fig6){ref-type="fig"}---Student\'s *t*-test *P*\<0.001 in all cases).

Discussion
==========

Here, we found that the low spontaneous SCE phenotype seen in UM can be reversed by restoring expression of FANCD2, suggesting that FANCD2 is involved in the regulation of spontaneous SCE. In support of this, we demonstrated that knocking down expression of FANCD2 by siRNA reduces SCE formation in MRC5VA cells. Furthermore, we saw that the PD20 cell line derived from a FA patient lacking FANCD2 also had reduced spontaneous SCE when compared with the FANCD2-complemented counterpart (PD20-D2 cell line). There are no previous reports of spontaneous SCE in PD20 or any other FANCD2-deficient patient material, and there have been no reports of spontaneous SCE levels following siRNA-mediated FANCD2 depletion in human cells. However, the background levels of SCE reported in early work on FA patients when the complementation groups were not known suggests that spontaneous SCE in FA compared with normal controls is unchanged or reduced.^[@bib13],\ [@bib30],\ [@bib31],\ [@bib32],\ [@bib33],\ [@bib34],\ [@bib35],\ [@bib36]^ It would therefore be of great interest to examine background SCE in FA patient samples of known complementation groups to further elucidate the role of the FA pathway in spontaneous SCE. In addition, we show that monoubiquitination mutants of FANCD2 have reduced RAD51 foci but similar SCE formation to FANCD2-proficient cells; furthermore, K561R mutation appears to have a larger effect on genomic instability than reduced expression of wild-type FANCD2. The role of monoubiquitination of FANCD2 in the absence of exogenous DNA damaging agents is not understood and warrants further investigation.

Studies in other mammalian cell lines support our findings in human cells, and CHO cells defective in several different FA proteins are reported to have reduced or unchanged levels of SCE.^[@bib9],\ [@bib37]^ However, in DT40 chicken cells, mutation of FA genes including FANCD2 result in increased spontaneous SCE,^[@bib38],\ [@bib39]^ whereas similar to mammalian cells DT40 cells defective in core HR proteins do show reduced SCE.^[@bib6]^ Our data indicate that the CHO model is more closely matched to human disease. DT40 cells are thought to be immortalised in a state of somatic hypermutation,^[@bib40]^ and thus they represent a highly specialized cell type, where certain functions of recombination may not be conserved.

Using FA patient-derived FANCD2-deficient cells or wild-type human cells depleted of FANCD2 using siRNA, FANCD2 has been previously shown to influence double-strand break-induced HR in a reporter plasmid assay,^[@bib41]^ but spontaneous levels of HR were not reported. During replication, unrepaired endogenous DNA damage in the form of persistent single-strand breaks is converted into double-strand breaks collapsing replication forks. We have previously shown that the majority of spontaneous HR results in SCE, and that this arises from such collapsed forks.^[@bib15]^ Our data linking FANCD2, RAD51 foci formation and SCE indicate a role for FANCD2 in promoting HR at spontaneously collapsed replication forks. In support of this, FANCD2 is highly regulated through the cell cycle, is required for normal cell cycle progression and colocalises with BRCA1 and RAD51 to form distinct nuclear foci specifically during the S phase.^[@bib14]^ In addition, FANCD2-depleted *Xenopus* extracts are unable to restart collapsed replication forks, whereas replication restart following stalled forks is unaffected.^[@bib42]^ Here we demonstrate for the first time that FANCD2-deficient human disease-derived cells are sensitive to acetaldehyde, which has recently been implicated as the endogenous substrate responsible for FA pathway activation^[@bib27],\ [@bib28],\ [@bib29]^ and is a known DNA--protein and DNA--DNA crosslinking agent.^[@bib43]^ Our data indicate that as in other model systems human FANCD2 is required for repair of acetaldehyde-induced DNA damage; thus, in addition to collapsed forks, FANCD2 may promote spontaneous SCE in response to endogenous lesions induced by such metabolites.

How FANCD2 regulates HR is unclear, and one mechanism suggested is that following ICL damage, FANCD2 is required for the recruitment of HR factors to sites of repair; here, we show that spontaneous RAD51 foci formation is reduced in FANCD2-deficient cells, suggesting that FANCD2 may be required for the assembly of HR factors during spontaneous recombination. It has also been suggested that the function of FANCD2 following ICL damage is to suppress non-homologous end-joining (NHEJ),^[@bib44],\ [@bib45]^ as evidenced by the fact that inhibiting NHEJ rescues the MMC-sensitive FA phenotype. Inhibition of DNA-PKcs (DNA-dependent protein kinase, catalytic subunit; a component of the NHEJ pathway) increased SCE in the UM cell line SOM196b and in the FA cell line PD20 ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}), suggesting that spontaneous SCE can also be increased by inhibiting NHEJ. Thus, the function of FANCD2 to influence NHEJ after ICL may also be conserved during normal replication when endogenous damage collapses replication forks. If NHEJ becomes the predominant repair pathway in the absence of FANCD2, this could contribute to genomic instability in UM and FA.

Although we have demonstrated a role of FANCD2 in influencing SCE, it is unlikely to be the overriding factor in all cancers. Indeed, we have found a conjunctival melanoma (Mel568) that had low FANCD2 expression (not shown) but had the highest level of RAD51 foci formation ([Figure 4c](#fig4){ref-type="fig"}) and had normal SCE (not shown). These data demonstrate the complex nature of primary tumours compared with the study of transformed cells. Thus, although FANCD2 can influence SCE, its regulation may vary in different tumours.

Epigenetic events that alter gene expression are important in the tumourigenesis of many sporadic cancers. Downregulation of FANCD2 expression was shown at the level of transcription and we demonstrate a loss of methylation within a predicted E2F-1 binding site in the FANCD2 promoter region. Methylation of several promoters has been shown to prevent E2F-1 binding;^[@bib46]^ consistent with this, we saw increased binding of E2F-1 to the unmethylated FANCD2 promoter region in UM. Although E2F-1 is usually considered an activator of gene expression,^[@bib17]^ it can also suppress transcription.^[@bib18],\ [@bib19],\ [@bib21],\ [@bib23]^ Thus, we conclude that the most likely reason for reduced expression of FANCD2 in UM is demethylation of the promoter leading to increased E2F-1 binding and inhibition of transcription. There are increasing numbers of reports describing changes in the FA/BRCA pathway in sporadic cancer;^[@bib47],\ [@bib48],\ [@bib49]^ however, this is the first time that an aberrant methylation of the *FANCD2* promoter has been reported in human cancer, and it will be of interest to see if other sporadic cancers contain the same epigenetic modification.

Although changes in methylation have not been seen previously, lack of FANCD2 has been linked to tumourigenesis. FANCD2 knockout mice develop breast tumours,^[@bib50]^ FANCD2 expression is absent in 10--20% of sporadic and BRCA1-related breast cancers^[@bib51]^ and low expression of FANCD2 in breast cancer is associated with poor patient outcome.^[@bib52]^ In addition, polymorphisms of FANCD2 have been associated with increased sporadic breast cancer.^[@bib53]^ Together, these data suggest that lack of, or reduced expression of, FANCD2 can contribute to tumour development or progression. It is therefore likely that reduced FANCD2 expression in UM contributes to tumourigenesis, perhaps by diverting repair of endogenous DNA damage away from the error-free process of HR into NHEJ.

UMs are divided into subgroups based on characteristic genetic abnormalities in chromosomes 1, 3, 6 and 8. These genetic changes also influence clinical outcome.^[@bib54],\ [@bib55],\ [@bib56],\ [@bib57]^ Previously we reported that low SCE was not specific to any clinical subtype or genetic pathway.^[@bib16]^ Thus, it is likely to represent an early change in the development of the tumour. Similarly, here the primary UMs included were a mixture of tumours representing a range of genetic backgrounds ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Low expression of FANCD2 was common to most UMs (11/12 primary STCs), regardless of the chromosome 3 copy number status. As monsomy 3 is a relevant prognostic change in UM, and FANCD2 resides at 3p25, the low expression of FANCD2 in all UMs is the first time the same genetic defect has been seen in UM, regardless of previously identified characteristic chromosomal abnormality or of clinical subtype.

Deficiency in FA proteins is classically associated with an inability to repair interstrand crosslinks and a decrease in crosslink-induced SCE. However, the wide spectrum of tissues affected in FA patients suggests that it is unlikely that all disease symptoms are because of exposure to exogenous crosslinking agents. Our data that FA-derived PD20 cells have low SCE, suggest that an inability to repair collapsed endogenous DNA damage is likely to contribute to the pathogenesis of FA as well as UM.^[@bib58]^

Materials and methods
=====================

Cell lines and primary cultures
-------------------------------

Established Sheffield Ocular Melanoma (SOM) cell lines, SOM157d and SOM196b, were used alongside control cell lines. All cell lines were grown in Dulbecco\'s modified Eagle\'s medium with 10% fetal bovine serum, penicillin (100 U/ml) and streptomycin sulphate (100 μg/ml) at 37 °C under 5% CO~2~. Short-term cultures established from primary UMs were grown as described previously.^[@bib16]^ Informed patient consent was obtained from UM patients and protocols followed the principles of the Declaration of Helsinki (SSREC94/247). Established UM cell lines were confirmed as authentic by fluorescence in situ hybridisation before and during the study, looking for characteristic abnormalities in chromosomes 1, 3, 6 and 8.^[@bib54],\ [@bib55],\ [@bib56]^ PD20 and PD20-D2 cells were a gift from Alan D\'Andrea (Dana-Farber Cancer Institute, Boston, MA, USA). PD20 K651R cells were a gift from Toshiyasu Taniguchi (Fred Hutchinson Cancer Research Center, Seattle, WA, USA). Other cells were obtained from ATCC (Manassas, VA, USA).

Complementation of UM with FANCD2 using retroviral vectors
----------------------------------------------------------

Lipofectamine 2000 (Life Technologies Ltd, Paisley, UK) was used to transfect the 293GPG packaging cell line with pMMP-empty and pMMP-FANCD2 retroviral vectors. The growth medium was changed daily, and at 96, 120, 144 and 168 h post transfection, the pseudotype virus was collected. Then, 2 ml of virus was added to SOM196b cells in the presence of 24 μg/ml polybrene and left for 24 h. Media were then changed for fresh media without virus and cells were left for 24 h to recover. Virus was then added again and the procedure repeated over a period of 7 days. Then, 3 μg/ml puromycin was added to cells to select for successfully complemented cells.

siRNA
-----

siGenome smart pool siRNA against FANCD2 was purchased from Thermo Scientific (Lafayette, CA, USA). Scrambled siRNA was purchased from Dharmacon (Lafayette, CA, USA). MRC5VA cells were transfected with 100 n[M]{.smallcaps} scrambled or FANCD2 siRNA, using Oligofectamine Reagent (Life Technologies Ltd) according to the manufacturer\'s instructions. Cells were then cultured in normal growth medium for 24 h before adding 0.24 n[M]{.smallcaps} 5-bromodeoxyuridine (Sigma-Aldrich Company Ltd, Gillingham, UK), and 48 h later, cells were harvested for SCE analysis.

Western blotting
----------------

SDS--PAGE and western blotting were performed as described previously.^[@bib26]^ Antibodies used were rabbit anti-FANCD2 (1:10 000, Novus Biologicals, Ltd, Cambridge, UK) and rabbit anti-β-actin (1:2000, Sigma-Aldrich Company Ltd).

Immunofluorescence
------------------

Cells were fixed in 3% paraformaldehyde in phosphate-buffered saline containing 0.1% Triton X-100 and washed four times in phosphate-buffered saline containing 0.15% bovine serum albumin and 0.1% Triton X-100 for 15 min before incubation with either rabbit polyclonal anti-RAD51 antibody (1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or mouse anti-FANCD2 (1:1000, Santa Cruz Biotechnology) in 3% goat serum for 16 h at 4 °C. The coverslips were subsequently washed (as above) followed by 1 h of incubation at room temperature with Cy-3-conjugated goat anti-rabbit or mouse IgG antibody (Life Technologies Ltd) as required at a concentration of 1:500. DNA was stained with 1 μg/ml 4,6-diamidino-2-phenylindole in mounting solution (Life Technologies Ltd). Images were obtained with a Zeiss LSM 510 inverted confocal microscope (Zeiss, Cambridge, UK) using planapochromat 63X/NA 1.4 oil immersion objective and excitation wavelengths 488, 546 and 630 nm. The frequencies of cells containing foci were determined in at least three separate experiments and at least 50 nuclei were counted in each experimental repeat. Each experiment was repeated at least three times.

Real-time PCR
-------------

Primers for FANCD2 were designed to amplify the longer FANCD2 isoform from transcript sequence NM-033084. The β-actin primers were also used to amplify β-actin complementary DNA from each sample as a reference gene. Primers were:

FANCD2: forward 5′-CATGGCTGTTCGAGACTTCA-3′ and

reverse 5′-GACACAAGGCTGCTTCATCA-3′.

β-actin: forward 5′-ACACCCCAGCCATGTACGTAGCC-3′ and

reverse 5′-AAGAGCCTCAGGGCAACGGAACC-3′.

Samples were mixed with SYBR Green PCR master mix (Life Technologies Ltd) and 10 μ[M]{.smallcaps} primers. Real-time PCR was then carried out (1 × 50 °C for 2 min, 1 × 95 °C for 10 min, 40 × 95 °C for 15 s followed by 60 °C for 1 min) using the Applied Biosystems (Carlsbad, CA, USA) 7900HT fast real time PCR system. Images and data were documented using the SDS Enterprise Database software (Applied Biosystems by Life Technologies).

Bisulphite sequencing
---------------------

Genomic DNA was extracted from MRC5VA and SOM196b cells using GenElute Mammalian Genomic DNA Minipep kit (Sigma-Aldrich Company Ltd). It was then subject to sodium bisulphite modification using the CpGenome DNA modification kit (Merck Millipore, Billerica, MA, USA). Three sets of primers were designed to amplify a 1000-bp region of the *FANCD2* promoter from the modified DNA:

Set 1: forward F1 5′-TTTTATTTTAGGAAGGGAAATG-3′

reverse R1 5′-AGGATTATTTAGAGGTAGATGTTGGA-3′

Set 2: forward F2 5′-TGATTTTTATTTGTTTATGAGGGAG-3′

reverse R2 5′-AGGATTATTTAGAGGTAGATGTTGGA-3′

Set 3: forward F3 5′-TGGGTAGGATTATTTAGAGGTAGATG-3′

reverse R3 5′-TTTTTTGTGGTTTAATTTTTAAGTT-3′.

PCR conditions were as follows: 1 × 95 °C for 4 min, 5 × (95 °C for 30 s, 54 °C for 90 s and 72 °C for 2 min), 25 × (95 °C 30 s, 54 °C for 90 s and 72 °C for 90 s) and 1 × 72 °C for 4 min. The same primers were used for sequencing at a concentration of 1 μ[M]{.smallcaps} using an ABI 3730 capillary sequencer. Data were analysed using Sequencher 4.1.

Chromatin immunoprecipitation
-----------------------------

ChIP was carried out using 2.5 μg of E2F-1 antibody (Santa Cruz Biotechnology) and the EZ ChIP Assay kit (Merck Millipore) according to the manufacturers\' instructions. DNA was analysed by real-time PCR using FANCD2 primers in order to amplify a 377-bp region of the FANCD2 promoter.

forward 5′-CACCCTAGGAAGGGAAATGATA-3′

reverse 5′-TCTATGAGGGAGGTACTGTTA-3′.

Analysis was performed using the ^ΔΔ^CT method where samples were normalised to the INPUT and an endogenous control (glyceraldehyde-3-phosphate dehydrogenase).

Analysis of cultures for SCE
----------------------------

To visualise SCEs, cultures were incubated with 0.24 n[M]{.smallcaps} 5-bromodeoxyuridine (Sigma-Aldrich Company Ltd) for two cell cycles, and SCE analysis was performed as described previously.^[@bib16]^ Exchanges observed in each cell were defined by an exchange of dark-stained (Hoechst-bound TT-rich) segments with light, bleached (5-bromodeoxyuridine incorporated) segments. Staining variation where chromatids clearly twisted around one another was excluded from the exchange rate count. For each cell line, at least 30 cells were analysed on each of at least 3 separate occasions. The mean, median and range of SCEs observed per diploid cell were calculated for each sample. Where polyploidy was seen, SCEs were adjusted to compensate.

Cell proliferation assays
-------------------------

1 × 10^5^ cells were plated into T25 flasks 4 h before treatment with 10 m[M]{.smallcaps} acetaldehyde. Cells were then left for 4 days before trypsinisation, Trypan blue staining and counting of live cells. Survival fraction was calculated as a fraction of cells surviving compared with the equivalent untreated control. On each occasion, eight counts of each condition were taken and an average calculated. The experiment was repeated three times and average and s.d. of the survival fractions calculated.
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![FANCD2 expression is reduced in UM. (**a**) Western blot for FANCD2 in the cutaneous melanoma cell line WM793, two UM-derived cell lines SOM157d and SOM196b, the colorectal cancer cell line HCT116 and the transformed fibroblast cell line MRC5VA. (**b**) Western blot for FANCD2 in primary cells extracted from different UM patients (labelled Mel and then the sample number) and control cells WM793 and MRC5VA. (**c**) Quantification of endogenous FANCD2 foci formation in WM793, SOM157d, SOM196b and MRC5VA cells. Average and s.d. of at least three repeats is shown. Significance was determined using Student\'s *t*-test; \*\**P*\<0.01. Representative images of immunofluorescent staining for FANCD2 (green) and 4,6-diamidino-2-phenylindole (DAPI; blue) are shown.](onc2012627f1){#fig1}

![Promoter methylation and E2F-1 binding is altered in UM. (**a**) Relative expression of FANCD2 RNA compared with the level in WM793 cells and measured by real-time PCR. Average and s.d. of three repeats is shown. Significance was calculated using Student\'s *t*-test; \*\*\**P*\<0.001. (**b**) FANCD2 promoter region showing C residues −698 and −688 bp upstream of the FANCD2 start site (red) and site of putative E2F binding (underlined). These residues were unmethylated in UM and methylated in control cells. (**c**) Amount of real-time PCR product spanning the putative E2F binding site immunoprecipitated with E2F-1 antibody relative to input. Average and s.d. of two repeats is shown. Significance was determined using Student\'s *t*-test; \*\**P*\<0.01. (**d**) Proposed model of dysregulation of expression of FANCD2 in UM; (i) in wild-type cells, the E2F-1 binding site in the promoter is methylated, preventing E2F-1 binding and allowing expression of FANCD2. (ii) In UM, methylation is absent, E2F-1 binds and expression is repressed.](onc2012627f2){#fig2}

![Complementing UM with FANCD2 overcomes low SCE. (**a**) Western blot for FANCD2 in the cutaneous melanoma cell line WM793, parental UM-derived cell line SOM196b, SOM196b retrovirally transfected with FANCD2 (196b-D2), SOM196b retrovirally transfected with empty vector (196b-pMMP), the colorectal cancer cell line HCT116 and the transformed fibroblast cell line MRC5VA. (**b**) Representative images of immunofluorescent staining for FANCD2 (green) and 4,6-diamidino-2-phenylindole (DAPI; blue). (**c**) Quantification of endogenous FANCD2 foci formation in WM793, SOM196b, 196b-D2 and 196b-pMMP. (**d**) SCE formation in the parental UM-derived cell line SOM196b, SOM196b retrovirally transfected with FANCD2 (196b-D2), SOM196b retrovirally transfected with empty vector (196b-pMMP). Average and s.d. of three repeats is shown. Significance was calculated using Student\'s *t*-test; NS, not significant; \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.](onc2012627f3){#fig3}

![Spontaneous RAD51 foci formation is reduced in UM. (**a**) Quantification of RAD51 foci in the parental UM-derived cell line SOM196b, SOM196b retrovirally transfected with FANCD2 (196b-D2) and SOM196b retrovirally transfected with empty vector (196b-pMMP). (**b**) Representative images from (**a**). (**c**) Quantification of RAD51 foci in the cutaneous melanoma cell line WM793, two UM-derived cell lines SOM157d and SOM196b, the transformed fibroblast cell line MRC5VA, the osteocarcinoma cell line U2OS, primary cells from a conjunctive melanoma (conj Mel 568) and primary cells from two UMs (SOM569 and SOM571). Average and s.d. of three repeats is shown. Significance was calculated using Student\'s *t*-test; NS, not significant; \**P*\<0.05 and \*\**P*\<0.01. SCE is expressed as the number of SCE observed/diploid genome. Where polyploidy existed, numbers were adjusted accordingly.](onc2012627f4){#fig4}

![Endogenous RAD51 foci and SCE levels are decreased in FANCD2-deficient PD20 and FANCD2-depleted MRC5VA cells. (**a**) Quantification of RAD51 and (**b**) SCE formation in the FA-derived cell line PD20 and wild-type FANCD2 (PD20-D2) and FANCD2 monoubiquitination mutant (PD20-K561R) complemented PD20 cells. (**c**) Western blot for FANCD2 in MRC5VA cells treated for 48 h with scrambled or FANCD2 siRNA. (**d**) Quantification of RAD51 foci and (**e**) SCE formation in FANCD2-depleted MRC5VA cells. Average and s.d. of three repeats is shown. Significance was calculated using Student\'s *t*-test; \*\**P*\<0.01 and \*\*\**P*\<0.001. SCE is expressed as the number of SCE observed/diploid genome. Where polyploidy existed, numbers were adjusted accordingly.](onc2012627f5){#fig5}

![UM- and FANCD2-deficient FA patient cells are sensitive to acetaldehyde. (**a**) Fraction of cells surviving compared with equivalent untreated control 4 days after exposure to 10 m[M]{.smallcaps} acetaldehyde and (**b**) quantification of RAD51 foci formation, in the parental UM-derived cell line SOM196b, SOM196b retrovirally transfected with FANCD2 (196b-D2), the FA-derived cell line PD20 and wild-type FANCD2 (PD20-D2) and FANCD2 monoubiquitination mutant (PD20-K561R) complemented PD20 cells. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.](onc2012627f6){#fig6}
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